Abstract Fluorescent In Situ Hybridisation (FISH) was used to monitor the presence of filamentous microorganisms in industrial wastewater treatment plants (WWTPs). Monitoring with a restricted set of FISH probes in WWTPs from potato industry showed growth and decline of Thiothrix populations that could be linked to operational procedures. In a follow up project new FISH probes were developed for filamentous bacteria in industrial WWTPs and 70 WWTPs were analysed for presence of these filaments. Several newly described species of filamentous bacteria appear to be common and dominant in industrial WWTPs. Monitoring of a WWTP from textile industry showed growth and decline of one of these organisms when operational conditions in the plant were varied. The present paper demonstrates that bulking sludge in industrial wastewater treatment plants can effectively be monitored using a combination of standard chemical analyses and the FISH technique.
Introduction
The bulking of sludge in aerobic wastewater treatment plants is usually caused by excessive growth of various filamentous bacteria, leading to poor settling of the sludge and an increase in costs. Different types of filaments can develop sludge bulking, depending on the prevailing process conditions . Conventional detection and identification of filaments is largely based on morphological characteristics of filaments and therefore may lead to misinterpretations, because (i) a single species may exhibit polymorphism or different species may look the same, (ii) only indicative quantification is possible, since filaments that reside inside flocs can remain unnoticed, and (iii) the method is subjective to the training level of the personnel. Molecular identification techniques based on new biological molecular tools, have made it possible to (a) determine the composition of microbial communities, (b) detect and quantify the presence of individual microbial species. Examples of ecosystems in which molecular techniques have been successfully applied are e.g gastrointestinal tracts, biofilms, biomembranes, groundwater and soil, marine-and freshwaters and sediments, anaerobic granular sludge and activated sludge wastewater treatment systems (Amman et al., 1995; Franks et al., 1998; Harmsen et al., 1996; Löffler et al., 2000; Reisenbach et al., 2000; De los Reyes et al., 1997 , 1998 Snaidr et al., 1997; Wagner et al., 1994a,b) . In this project 16S rRNA probes have been used in a FISH approach to detect and identify dominant filamentous bacteria in industrial wastewater treatment plants. Data from wastewater treatment plant performance, chemical data and molecular characterization data were compared to correlate the presence of specific filaments with process operating conditions.
Material and methods

Wastewater treatment plants
TAK-AMF is a carrousel (7,100 m 3 ) with 6 point aerators, treating wastewater from a potato processing plant. The influent of 9,000 to 11,000 m 3 per day contains a COD of 500 to 1,500 mg/l, of which 66% is soluble. The TAK-DER wastewater treatment plant is a plug flow carrousel type of 14,300 m 3 with bubble aeration and treats wastewater from potato processing industry. The flow is 8,000 to 9,000 m 3 per day with a COD of 2,000 to 4,000 mg/l. The influent COD contains 70% soluble COD, after presettling increased to 95%. The wastewater from both plants was regularly monitored at the plant laboratories for standard parameters including COD, nutrients, sludge load, pH and SVI. The CNR1D plant was a textile industry, the plant had active nitrification and denitrification, no chemical P removal, the influent contained 1,500-3,500 mg/L COD, 50-70 mg/L N, 5-10 mg/L N-Kj, 10 mg/L P. Ureum and P were dosed, the sludge load was 0.3-0.4 kg COD/kg dw/d, the sludge age was 15 days, and the operating temperature approximately 30°C.
Sample pre-treatment for FISH analysis
Mixed liquor sludge samples were fixed in 36% paraformaldehyde (e.c. 5%) at the WWTP and sent to the laboratory to be stored in 50% ethanol at -20°C for later analysis. Samples were homogenized with glass beads (2 mm) for 1-3 min on a vortex. Sample (20 µl) was air dried on Vectabond coated microscope slides and washed in 50, 80 and 96% ethanol for 3 min each.
FISH analysis and filament quantification
For the TAK-DER and TAK-AMF WWTPs FISH analysis was performed according to a protocol adapted from Stahl and Amann. (1991) . Slides were viewed with an Olympus fluorescence microscope with fluorplan 100× objective and Olympus U-MNB filter set. Quantification of filaments was performed using a micrometer scale and estimating filament length. A 1,000 × magnification was used to examine 0.74% of the well area or to 6.17 × 10 -8 litre of the original undiluted sludge sample.
For the CNR1D WWTP and the screening of industrial samples FISH analysis was performed according to a protocol adapted from Manz et al. (1992) . For quantification from each sample 9 at random, calibrated, digital images, at 400× magnification, were taken (Olympus DP10 digital camera, 1,280 × 1,024 pixels, 24 bits). This corresponds to 1.7% of the well area or to 5.63 × 10 -8 litre of the original undiluted sludge sample. Quantification of filaments present on the digital images was performed using image anlysis software (AnalySIS; Soft Imaging System GmbH; Germany). Filament lengths were calculated to metre filament per gram dry weight sludge or per ml of wastewater.
Oligonucleotide probes
Most of the used probes are newly developed probes based on isolates and sequences recently obtained from industrial activated sludges in the framework of a EU funded poject (Macobs, BIO 4-CT98-0349). All oligonucleotides were produced, purified and supplied by EuroGentec SA, Herstal, Belgium. WWTPs TAK-AMF and TAK-DER were monitored with a limited number of FISH probes and in the screening of WWTPs a total number of 81 samples from 70 companies in 11 types of industries in 4 countries (The Netherlands, Denmark, Germany, Italy) was analysed with an extensive number of FISH probes as listed in Table 1 .
Pure cultures
Numerous filament pure cultures were obtained by Skerman micromanipulator.
Survey of filamentous bacteria in industrial activated sludge with molecular probes All probes listed in Table 1 were applied to 81 samples from 70 WWTPs from 70 companies in 11 types of industries in 4 countries (The Netherlands, Denmark, Germany, Italy).
A total of 18 specific FISH probes were successfully applied to detect and identify specific filamentous bacteria. Results are reported in Table 2 .
Nine of the 18 probes utilised are based on new isolates or sequences obtained from industrial activated sludge. Most of the filamentous bacteria hybridising with these probes are new filamentous bacteria belonging to new not previously described species or genus. The morphology of these and other new type of filamentous bacteria present in industrial WWTP (industrial filamentous morphotype:Ind type) is described and reported elsewhere . In all the analysed samples, filaments could be detected with FISH probes, dominant filaments can be identified with FISH probes in 45% of all samples. The relative abundance of the filaments differs considerably, the distribution of filaments detected with the new developed probes is discussed below.
Filaments hybridising to probe EU12-645 (Type Ind-24/Type 021N-like) was commonly found. This filamentous bacteria was detected in about 16% of the sludge samples. Only in 2 WWTP's (2.5%) was it dominant even though it was present in low amounts. This bacterium was obtained in pure culture and is tentatively named Megathrix tenacis (Tandoi et al., in preparation) . The filamentous bacterium detected by probe EU26-653 (Type Ind-38/Type 021Nlike) was found in only 1 WWTP (1.2%) where it was present in low amounts. It was also found in relatively large amount in the monitored WWTP CNR1D. This bacterium was obtained in pure culture, it is phylogenetically related to Megathrix tenacis and it is tentatively named Megathrix sidereus (Tandoi et al., in preparation). 
in preparation)
Target bacterium probes Filaments hybridising to probe PPX3-1428 (Type Ind-39/Nostocoida-like) were found in 21% of the WWTP's and were dominant in 4 WWTP's (5%). The 16S rDNA sequence of this bacterium was obtained and the preliminary name Alisphaera PPX3 is proposed (Snaidr et al., 2002) . The filamentous bacterium detected with probe NoLi-644 (Type Ind-2/Nostocoida-like) phylogenetically related to Alisphaera PPX3 was also found to be very common. It was present in 33% of the WWTP's, in 3 WWTP's (3.7%) it was dominant. A pure culture of this bacterium was obtained and it is tentatively named Alisphaera europea (Snaidr et al., 2002) .
A third representative of the Nostocoida-like group hybridising to probe MC2-649 (Type Ind-1/Nostocoida-like) was commonly found: it was present in 11% of the WWTP's and in 6% of the WWTP's it was dominant. The 16S rDNA sequence of this filamentous bacterium was obtained and the preliminary name Alisphaera MC2 is proposed (Snaidr et al., 2002) .
The microorganism detected with probe EU3-219 (Type Ind 14) that does not resemble any of the Eikelboom morphotypes appears as a chain of elongated rods. The probe EU3-219 hybridised only in 2 WWTPs (2.5%) with filaments and in a larger number (9%) of WWTPs hybridised with single elongated rods. Probably this bacterium can grow in different morphology depending on environmental conditions. This filamentous bacterium was obtained in pure culture and is tentatively named Bactothrix amylovorans (Tandoi et al., in preparation) . Filaments hybridising to probe 0411-654 appeared as very short filaments identified as Type 0411; even though the hybridisation with single cells occurred. The filamentous bacterium detected with probe EU17-648 was found only in one sample where it was not dominating. A pure culture of this micro-organism was obtain and it is tentatively named Curtunema variabilis (Tandoi et al., in preparation) . Also Lepthothrix discophora (EU23-645 ) was rarely found in industrial activated sludge.
No clear correlation was found between the presence of specific filaments and the type of industrial waste treated.
Molecular monitoring of industrial WWTPs
Three industrial WWTPs, two from potato industry and one from textile industry, were monitored with FISH probes; the amount of the filamentous bacteria detected with probes was measured.
Potato industry. A limited set of FISH probes (see Table 1 ) was used to monitor two WWTPs from potato industry treating the potato-processing waste (TAK-DER) and starch derivatives (TAK-AMF).
Routine FISH-analyses on these plants revealed that the microbial filament community was relatively stable during the monitoring period and differed between the two plants.
The WWTP TAK-AMF incidentally suffered from sludge bulking. FISH analyses of the sludge revealed that a Thiothrix sp. was predominant (Figure 1) . Thiothrix amount correlated fairly well with sludge volume index levels (SVI), showing that Thiothrix was causing sludge bulking. The SVI decreased only some time after a decrease in Thiothrix presence, probably caused by filaments that are not active any more and thus not detected with FISH but still present in the sludge due to slow filament disintegration. Although no high sulphide levels were detected (< 1.5 mg/l), reduced sulphides from the protein content in the waste may well support Thiothrix growth, since a net production of sulphate was observed in these plants (data not shown). The COD/N kj ratio varied from 10 to 20 and the COD/PO 4 -P ratio from 100 to 225, indicating that nutrient levels were appropriate for bacterial growth. Other filamentous bacteria were also detected in the sludge. However, they were detected in numbers significantly lower than found for Thiothrix sp., and their numbers did not correlate well with SVI-levels.
Wastewater from the starch derivatives plant, TAK-DER, showed continuous high SVI levels, correlating with the amount of the filamentous bacterium Alisphaera europea (Noli-644) present. A maximum length of 2.3 × 10 5 m/g dw of this filamentous bacteria was reached, strongly suggesting that it was causative for the bulking problem (Figure 2 ). Other filamentous bacteria were present in low numbers in the sludge. However, these filaments did not fluctuate with the SVI-levels.
Nutrients were present in the influent in very low amount with a COD(total)/N k ratio varying from 150 tot 350 and a COD(total)/PO 4 -P varying from 500 to 1400, suggesting nutrient deficiency giving this filament a competitive advantage over floc formers.
Textile industry. A more extensive list of FISH probes was used to monitor the WWTP from textile industry CNR1D. During the monitoring period a strong shift in the filament population has occurred: From December to February an unknown filament (Type Ind-21) morphologically similar to Microthrix parvicella and detected with the group specific HGC probe was dominant. Several other filamentous type not visualised with specific probes were present in this Filaments (m/g dw) Figure 2 Correlations between SVI (----) in ml/g dw and length of Alisphaera europea (I) in m/g dw in wastewater from the starch derivative plant period (Type Ind-23, H. hydrossis and Type 0041). At the beginning of March the filamentous bacterium Megathrix sidereus (EU26-653) was detected in the sludge ( Figure 3) ; the amount of this bacterium increased during approximately 1 month and then decreased until its disappearance at the end of May. From this moment to the end of the monitoring two unknown filaments (Type Ind-21 and Type Ind-23) were present and dominant. During the whole monitoring period the filament Alisphaera europea could be detected with the FISH probe NoLi-644 in low amounts. The SVI in the aeration tank of this WWTP is structurally high and does not fluctuate with the growth of the filaments Megathrix sidereus and Alisphaera europea (Figure 4 ). The shift in the filament population, probably due to a variation in process conditions, did not correspond to a decrease in the total amount of filaments and of SVI. Low oxygen concentrations were measured by hand incidentally in the period that Megathrix sidereus numbers increased. After the aeration capacity was raised, Megathrix sidereus disappeared. It is therefore likely that Megathrix sidereus is associated with low DO concentrations. 
